Recent studies of the effect of high pressure upon the rates of redox, solvent exchange, nucleophilic substitution and hydrolysis reactions are reviewed. Quantitative predictions of volumes of activation for outer-sphere electron transfer processes are used to interpret redox reactions of uncertain mechanism. Both the volume of activation, and its pressure dependence, may be used to diagnose dissociative and associative substitution processes and also to ascertain the participation of solvent molecules in transition states,.
INTRODUCTION
The effect of pressure upon the rate of a chemical reaction in solution is attributed to a volume change which occurs in the activation step of that reaction. lf the change in volume on activation is negative, then the reaction is accelerated by an increase of pressure; if the volume change is positive, then the reaction is retarded by an increase of pressure.
This review aims to show how such volume changes can be interpreted to yield information on the detailed molecular rearrangements which make up the reaction mechanisms of inorganic complexes. Authoritative and comprehensive reviews of the application of these ideas to organic systems are available 1 -7 but littleis available for' inorganic systems. A major reason for this is that only in the last four years has any body of systematic data begun to accumulate for inorganic reactions in solution.
In principle, the interpretation of a volume change is based on inferred changes in nuclear positions. This involves a structural concept which should be intrinsically simpler to handle than the alternative concept of an entropy change which depends on inferred changes in both nuclear positions and energy. Traditionally, reaction mechanisms have been interpreted in terms of enthalpies and entropies of activation ·because the effect of temperature on reaction rates is readily investigated in the laboratory. However, simplifications in modern high pressure techniques and equipment now make volumes of activation readily accessible and these volumes may now be used routinely to Interpret reaction mechanisms.
EVALUATION OF VOLUMES AND COMPRESSffiiLITIES OF ACTIVATION
In dilute solution, the change in chemical potential of any species i with pressure is equal to the partial molar volume ofthat species: (1) This fundamental relation may be applied, with the transition state theory, to the generalized reaction aA + bB + ... ~ Xl! --+ products
The effect of pressure on the observed rate coefficient k is attributed to the pressure variation of the concentration quotient K# describing the assumed equilibrium between the activated complex X' in the transition state and the initial reactant state. Then ( 
3)
A The volume of activation is thus the excess of the partial molar volume of the transition state over the combined partial molar volumes of the initial reactant species. When molar concentrations are employed by the experimenter, the rate coefficient k is most conveniently evaluated at different pressures with solutions whose molar concentrations are all constant at 1 atmosphere pressure. Otherwise a small solvent compressibility tenn (1.1 cm 3 mol-1 for water at 25°C) must be applied to equation 2. Equation 2 sets one Iimit to the accuracy with which ~V# may be determined. For ~V' = -1 cm 3 mol-1 , the rate coefficient will be increased by only 4% when pressure is increased from 1 to 1000 bar (1 bar = 10 5 pascal = 0.9869 atm). A reliable evaluation of such a small ~V' value thus requires measurements at least up to 3 kbar. Many inorganic reactions require the use of techniques such as spectrophotometry and isotopic tracer analysis and even skilled experimenters obtain rate coefficients with variances of ± 2 /'~. F ortunately many reactions involve much larger volumes of activation, ranging from +20 to -20 cm 3 mol-1 , and evaluation of ~V# usually entails uncertainties of ± 1 cm
It is instructive to compare the accuracy with which !lS' and ~ V 1 can b~ evaluated. The errors in entropies of activation are derived from those in enthalpies of activation and a rate coefficient. Thus recent work 9 • 10 in Caldin 's laboratories on the rapid reaction of metal ions with the nitrogen base PADA (pyridine-2-azodimethylaniline) yields the data in Table 1 A second Iimitation on the accuracy of evaluating ~V$ is that frequently, but not always, the volume of activation itself exhibits a pressure dependence; plots of ln k versus P are not linear as predicted by equation 2. In general, the slope of such graphical plots, proportional to ~ fn, decreases with increasing pressure. This is sbown in Figure 1 for three reactions, one involving a large negative ~V' (the base hydrolysis of the selenitopentaamminecobalt(In) ion) and the others large positive~ V • (the trans ~ cis isomerization of diaquo-bis-ethylenediaminecobalt(In) and the base hydrolysis of sulphatopentaammine cobalt(nl)). 
D (e----tl) Base hydrolysis of Co(NH 3 ) 5 0So;
The problern is to estimate the limiting slope of such a plot at zero pressure in order to evaluate the volume of activation at zero pressure, ~V~ Tait equation) . Equation 4 will be assumed for subsequent discussion even though . it is dear that high er terms are clearly required properly to describe thevariation ofln kp at very high pressures. The point hereisthat the present inaccuracies in kp do not justify a more exhaustive analysis.
The fitting of the experimental data wiJh equation (4) necessitates a careful multiple regression analysis of the statistical significance of the coefficients b and c. A nurober of separate rate determinations below 2 kbar is especially important in obtaining a reliable value of /!,.V~.
The volume of activation at any pressure P, !!,. V~, is then given from equation (4) as ßV; = -bRT-2RTcP and the volume of activation at zero pressure is
We may now define a new quantity representing the pressure dependence of the volume of activation. This will be designated the compressibility coefficient of activation, Aß#, defined by:
The use of the A operator is important since
The compressibility coefficient of activation is thus the excess of the compressibility coefficient for the transition state over that for the combined initial reactant species. F or inorganic systems in water values of Aßrr can range from zero to ±20 cm 3 mol-1 kbar-1 and should be even higher in solvents like methanol whose compressibility is three times that of water. Hyne 11 has shown foranurober of reaction types analysed with equation (4) , that values of AV J are associated with a precision of 1-15% whilst values of Aß• have a precision of 2-41% depending on the magnitude ofthe pressure effects.
The compressibility coefficient of activation should be distinguished from the related compressibility of activation, Ö.K#, defined by
Values of AK• need to be quoted when comparing different reactions but unlike the compressibility coefficient, tlK# cannot be separated into a linear combination of terms from the transition state and the initial state.
The non-linear dependence of m kT upon pressure has often been treated rather as a hindrance in estimating A V 8. However, in some of the examples which foUow the thesiswill be developed that the values ofthe compressibility coefficient offer more supplementary mechanistic information than has been used hitherto. This information is analogaus to that deduced from Ac; 306 values derived from the temperature dependence of AH ~. However, it is argued here that the sign and magnitude of Aß:. is more reliably deduced from pressure studies than is AC~ from temperature studies.
THE VOLUMES AND COMPRESSffiiLITIES OF COMPLEX IONS
The different stereochemistries and dimensions of most coordination complexes of metal ionsareweil recognised. However, in the present context all complexes, regardless of their actual coordination numbers, will be assumed to be spherical species, each with a characteristic average radius.
This assumption is not too extreme since only changes in volume in passing from the reactant state to the transition state are under discussion, rather than absolute volumes. Thus a five-coordinate intermediate will be assumed to sweep out the same volume in solution as its six-coordinate precursor.
In the limit, formation of a dissociated activated complex should then involve a positive AJ7 0 # value equal to the effective volume of the leaving ligand ( Figure 2 ). However, these expectations would beinvalid ifthe compressibility of the transition state were much greater than the reactant state; dissociation would then be accompanied with a significant decrease in the · radius of the 'spherical' activated complex. A reasonable estimate of the compressibility of a complex may be derived from the potential function 13 in which a metal ion of charge Ze is visualized as surrounded by n dipoles of permanent dipole moment p with a metal-
Hush 13 has shown that the repulsive exponent m may be calculated from the relation m = 2 + log(zjz -1)/log(dz-tfdz) (11) where dz _ 1 and dz are the metal-ligand distances in complexes of oxidation state (z -1) and (z) respectively. The repulsive constant B may be readily eliminated to yield the potential energy U for an equilibrium metal-ligand bond distance d 0 .:
The compressibility of the complex ion is defined by
where V is the intrinsic volume of the complex ion. Thence it follows that
where r is the radius of the spherical complex ion and the change in this radius with pressure is (or/oP)y = -Kr/3 (15) In the case of a crystal-field·stabilized ion it may be shown that
where A is the crystal-field splitting and the quantity C is defined in terms of the number of electrons, n(a) of symmetry d(e) and n(y) of symmetry d(y), as (17) Fora typical case, the compressibility of the Ni(NH 3 )~+ cation may be calculated from equation 16 The discussion so far has considered only the intrinsic volume of a complex ion, ~nt' in terms of its first coordination sphere. The partial molar volume of a complex ion in solution contains a second major contribution, V:P from the electrostatic Interaction of the charged ion with the solvent such that V= ~nt + ~1• The introduction of an ion into a solvent causes a significant contraction of the system. This phenomenon may be discussed 15 in terms of the electrostriction of the solvent, as a homogeneaus dielectric of bulk dielectric constant e, by an ion of charge Ze and radius r:
Equation (19) is important in the interpretation of reactions involving charged reactants (as for redox reactions below) or the generation or removal of charge (as in substitution and solvolysis reactions). In all cases, the dependence of the electrostrictive effect on Z 2 involves contributions to AV~ ranging up to ± 20 cm 3 mol-1 in solvent water. Since this electrostrictive effect is operating on the solvent outside the first coordination sphere of the complex ion (r .-3.5 A), it is reasonable to assume the bulk dielectric properties of the solvent operate and polarization effects in the first sphere are irrelevant.
A consequence of the electrostrictive effect is the formation of ordered layers of solvent molecules about a highly charged complex ion and these layers may be visualized as successive solvation spheres. The electrostatic field of the ion generates a strong centro-symmetrical pressure in the solvent dielectric proportional to the second power of the electric field strength (20) Whalley 14 . has calculated that this pressure has a maximum value of 14 kbar at 3 A from the centre of an ion of charge 1 +.Fora complex ion with a first coordination sphere of radius 3-3.5 A and charge 3 +, this pressure is about 32 kbar at the point where the first hydration sphere (or the second coordination sphere) of the complex .ion is located ( Figure 3 ). Water in this first hydration sphere of such a complex ion will therefore have a molar volume characteristic of waterat about 32 kbar. This is 15 cm 3 mol-1 , compared with 18 cm This centro-symmetrical pressure falls off rapidly with distance but it is readily shown for a complex ion of charge 3 + that the second hydration (third coordination) sphere is still subject to a pressure of ,...., 7.5 kbar. At this pressure the molar volume of water in this sphere will be 15.6 cm 3 mol- The free energy for activation for an outer-sphere electron exchange reaction (AG 0 = 0) may be separated as follows (21) where these separate terms represent in turn the free energy barrier for coulombic work in bringing charged reactants to the transition state (AG!ou 1 ), the solvent rearrangement on formation of the charged transition state (AG;R), the internal rearrangement of the metal-ligand bonds to an intermediate configuration (AGfR) and the change in activity due to interionic interactions in areactionmedium of finite ionic strength (AG6H).
From equation (21) it follows that
We have argued above that complex ions, at least of charge 2 + and 3 +, are almost incompressible and, based on that assumption, it may be shown that for electron exchange between ions of charge Z 1 e and Z 2 e and of radii r 1 and r 2 then (23) 
In these equations, e is the bulk dielectric constant of the solvent and t: 0 is the dielectric constant at optical frequencies; the lauer term allows for electronic polarization ofthe solvent as the instantaneous charge distribution on each ion alters. For ions of finite compressibility, additional explicit terms can be added to equations 23 and 24 but these are minor in size and opposite in sign in the two cases as weshall see shortly.
For incompressible complex ions A ~: = 0 but for complex ions of
where the remaining terms have been already defined in deducing equation 16 .
We may use the extended Debye-Hückel expression for therelation between rate coefficients at finite ionic strength, kll, and zero· ionic strength, k 0 , (26) where the parameters A and Bare both pressure dependentsinQeA: cc (sT)-t
3'11
and B oc (sT) ... -t as is f.1 itself. Thence to an adequate approximation: The first set .of alternative products arises from an outer-sphere mechanism and thesecond set ofproductsfrom an inner-sphere mechanism with hydroxoligand transfer. In either case kobs = k 2 Ka and hence ~ V:,~s = ~V{ + ~ V:. where X= p -, Cl-, Br-or N3.
Since these reactions have relatively long half-times and the initial Co 11 and Fe 10 products are quite labile, it is not possible to distinguish between mechanisms on the basis of final product analysis. lt is readily shown from equation (28) that the ~V~ values expected from these reactions, if they were involved in an outer-sphere mechanism, will range from -10.6 to -12.8 cm 3 mol-1 depending on the overall size of ~G 0 • The observed values are + 11 (X = F-), +8 (Cl-, Br -), + 14 (N3). Evidently the mechanism is innersphere with the release of water in the transition state (approx. + 14 cm 3 mol -1 ) overcoming the opposing negative volume effects of electrostatic repulsion and solvent electrostriction. The theoretical treatment of these inner-sphere reactions must now be refined to allow for the influence of the negatively charged Iigand in a transition state which has a net positive charge. The reactant state is probably best regarded as at. ion pair, e.g. M 3 + -x-, rather than as a spberical species of net cbarge 2 +, whilst the transition state is probably best viewed as an ionw triplet, e;g. M 3 + ...... x--M 2 + . This is especially important with extended ligands like N3 and large 315 conjugated organic ligands. The calculations of volume changes may then be treated as a dassical electrostatic problern rlespite the significant orbital overlap existing between oxirlant anrl reductant.
These recent sturlies suggest then that comparison of measurerl and prerlicted volumes of activation may be very useful in rliagnosing the mechanism of oxidation-reduction processes.
WATEREXCHANGE WITH HYDRATED CATIONS
The lability of solvento-liganrls coordinated to metal cations is the key to the general substitution properties of solvated cations. Tn particular. an understanrling of the mechanism of water exchange is a necessary prelude to mechanistic sturlies of substitution reactions in this chemically and biochemically important solvent. Until quite recently, however, the mechanisms ofwater exchange have been based on rlerluctions from measured enthalpies anrl entropies of activation and from solvent competition studies. For example, the recent ideas of Bennetto and Caldin 23 on the role of the solvent in substitution have (necessarily) been cast in terms ofenthalpies and entropies of activation.
Solvent exchange is not accompanied by any change in formal cbarge of the ion and since these hydrated cations are relatively incompressible, the effects of electrostriction are virtually constant throughout the course of the reaction. The interpretation of observed volumes of activation is therefore comparatively straightforward. , a !'-;""' 0.05M (HCI04). b I''"' U>M (HC10 4 ). ' JJ"" l.OM (NaCI0 4 ).
The trans:Co(enh(Se0 3 )0H1 and trans-Co(en); (OH 2 )~ + systems have been studied: by following the trans __.. cis isomerization, a process which simultaneously learls ·tO aquo-ligand exchange.
The compressibility of aquo-cations has already been shown to be quite low and very small volume changes of the aquo-cations themselves, both intrinsic and electrostrictive, can be anticipated for both dissociative and associative aquo-exchange. Moreover the very compact structure of these aquo .. cations 10 appears to preclude compensatory bond contraction by second .water roolecules when bond stretching occurs in the primary coordi-316 nation sphere (and vice versa). Consequently the negative ~V 8 values listed in Table 3 3 + system. The larger random errors in ~~ and a possible systematic error in ~~ due to the unknown molecularity of water do not permit such an unequivocal description of mechanism based on the corresponding entropies of activation.
The dissociative release of an aquo-ligand from the first to the second coordination sphere is described as an /d mechanism. Wehave argued that a five-coordinate complex should define the same intrinsic volume as a six-coordinate complex and hence ~V~ should approach in the Iimit + 15 cm
Likewise an associative interchange, / 3 , mechanism could exhibit ~V~ = -15 cm 3 mol-1 • This value is not approached as closely with the aquocations of Cr and Rh probably because of the substantial steric crowding in the seven-coordinate activated complex. Campeusatory dissociation of an aquo-ligand almost certainly is needed to offset the incoming water nucleophile and a less negative~~ results.
The dissociative mechanism (D) entails synchronaus release of electrostricted water to the bulk of the solvent. Correspondingly, the associative (A) mechanism entails synchronaus entry of bulk water into the electrostricted zone. The D and A mechanisms should involve similar limiting The experimental in kp vs. P plots for most of these aquo-exchanges show no detectable curvature but the magnitude of ~ß' is within the experimental error for most systems. A reliable distinction cannot be drawn between Ia and A mechanisms. However, for the trans-Co(en)z(OH 2 )~ + marked curvature in In kp vs. P plots is observed ( Figure 1 ) and ~ß# is quite large. At 0.05M ionic strength, the value of ~ß; implies that at least one water molecule is released to the bulk solvent and a D mechanism seems likely, as argued earlier by Kruse and Taube 27 . At 1M ionic strength, the value of ~ß# suggests at least eight water molecules being released into the bulk solvent. The change in molar volume when a water molecule moves from an outer electrostricted zone to the bulk is approximately ( 18-15.6) = 2.4 cm 3 mol-1 . The measured L\V~ value, which is known to higher accuracy, suggests that (13.7 /2.4) :::::: 6 water molecules are released. The agreement is not too unreasonable when 317 aU the approximations are recognized. This analysis confirms the recent expectations ofEl'yanov and Gonikberg 28 that there should be a correlation between L\ V 0 #and L\ß~. The probable reason for the changed mechanistic details at 1M ionic strength is the formation ofCo(enh(OH 2 )~+. Cl04 ion pairs. The water structure in these ion pairs could be so heavily ordered that in order to create a defect in the structure to allow release of an aquo-ligand, the whole hydrated ion-pair aggregate must be broken. There are corresponding changes in L\Ir and ß.S:t when the ionic strength is increased but the ß v; and L\ß# values give a better guide to mechanism.
Further advances in evaluating AV~ values for highly labile systems must await the adaptation of high pressure techniques notably in the n.m.r. area.
SUBSTITUTION OF HYDRATED CATIONS
Nucleophilic substitution of an aquated cation is a more general case of solvent exchange; indeed substitution by nucleophiles competes with exchange by solvent molecules. An additional complication, however, is that many nucleophiles are charged and microreversibility considerations require that any postulated mechanism must encompass outer-sphere ion-pairing. Thus the commonly observed second-order rate coefficient for formation of a metal complex, kp is often related to the rate of water loss and/or nucleophile entry, kH 20 , by the equation
where Kos is the equilibrium quotient for formation of the outer-sphere ion-pair. Accordingly (31) For labile systems ß. Va~ usually needs tobe estimated from an electrostatic model for the ion-pair and Hemmes 29 has shown that (32) provided activity coefficients are ignored. There is experimental evidence, however, that reveals a very large variation of All;,~ with ionic strength 30 . Nevertheless ß. The importance of electrostrictive effects is shown 31 in the following successive stages of substitution of aquo-ligands of chromium(m) by HC 2 0,;:-: Step (1) should cause substantial solvent release on forming the 2+ transition state. Offsetting this is probably the associative involvement of the oxalate nucleophile.
Step (2) should involve a slight positive electrostrictive contribution to A v; whilst step (3) should involve a negative contribution to Av;. These measured volumes seem consistent with associative interchange ofwater with Cr(OH 2 )~+ for which ö.J!cil = -9.3 cm 3 mol- An analogous study 12 of the aquation of pentaamminechromium(III) species is summarized in suggesting a dissociative interchange mechariism, as for the aquation of Co(NH 3 )sBr 2 + for which ~V# = -8.7. The base hydrolysis of the 0-bonded sulphato and phosphato complexes exhibit very large positive~ V~ and .1ß# values. This is incompatible with a simple neutralization of formal charge but it is consistent with release of electrostricted water (about 13 water molecules frbm the value of ö.ß#) in a conjugate-base pre-equilibrium. On the other band, the values of ~V~ are zero or positive, suggesting either that there is slight dissociative release of the highly charged SO~-and PO!-in the transition state or that these ligands are exerting electrostrictive effects on the solvent which are almost as great as those of the non-coordinated free ion.
The mechanism for base hydrolysis of the 0-bonded selenito complex is evidently quite different. with the structure closely resembling that of the final products.
CONCLUSIONS
We have seen that substantial advances have been made in accounting for the volumes of activation of redox reactions and interpreting uncertain redox mechanisms. In these cases electrostrictive effects are dominant. In the case of substitution reactions, both the volume of activation and the compressibility coefficient of activation provide mechanistic insights not only into the structure of the reactants in the transition but also into the participation of the solvent. One can anticipate extensions to non-aqueous solvents and progress in the study of faster reactions. Simplifications in the interpretation of mechanism using volume changes merit close attention to these approaches in the future and offer more detailed insights into the molecular rearrangements which make up reaction mechanisms.
